a Background: Major histocompatibility complex (MHC) class I molecules allow immune surveillance by presenting a snapshot of the intracellular state of a cell to circulating cytotoxic T lymphocytes. The MHC class I alleles of an HIV-1 infected individual strongly influence the level of viremia and the progression rate to AIDS. Chimpanzees control HIV-1 viral replication and develop a chronic infection without progressing to AIDS. A similar course of disease is observed in human long-term non-progressors.
Introduction
Chimpanzees (Pan troglodytes) are, unlike the majority of the human population, able to fight the closely related lentiviruses HIV-1 and SIVcpz. They keep viral replication under control and develop a chronic infection without progressing to AIDS [1] , a characteristic they share with human long-term non-progressors (LTNP). A key role in controlling viral replication has been assigned to HIV-1-specific cytotoxic T lymphocytes (CTL) [2] . More specifically, the major histocompatibility complex (MHC) molecules, in humans known as the human leukocyte antigen (HLA) molecules, have been shown to influence the progression rate to AIDS of HIV-1 infected individuals [3] [4] [5] . In line with this, the relative resistance of chimpanzees to AIDS has been proposed to be due to a selective sweep in the MHC class I gene repertoire caused by an HIV-like pandemic in the distant past [6] . Various studies that address the mechanism behind the successful control of HIV have reported targeting of Gag to be associated with viral control, both in HIV-1 clade B and clade C infection [7] [8] [9] [10] [11] [12] . In particular, increasing the breadth of Gag-specific responses has been associated with lowering of viremia [7, [10] [11] [12] .
Interestingly, HIV-1 infected chimpanzees target two conserved HIV-1 epitopes that are also recognized by human MHC class I molecules associated with LTNP [13] . Here, we propose that human MHC class I molecules that have been associated with control of HIV-1 viral load share binding specificities with chimpanzee MHC class I molecules. We support this by systematically comparing the binding motifs of a wide range of human and chimpanzee MHC class I molecules. We use data of Kiepiela et al. [14] who performed a thorough analysis of HLA alleles present in an HIV clade C infected southern African population. They determined sets of HLA alleles that were significantly associated with high or low viral load. The plasma viral load is a commonly accepted predictor for the rate of HIV-1 disease progression, in which a low viral load infers a delay in the onset of AIDS [15] . To address the potential mechanism behind the difference in viral control of different MHC class I molecules, we compared their preference for presenting Gag-epitopes. Combining human leukocyte antigen-HIVassociation studies On the basis of the Kiepiela study and additional studies, which involved HIV clade C infected southern African populations [11, [16] [17] [18] , we defined three groups of HLA alleles: those associated with low viral load (lowVL), those associated with high viral load (highVL) and a group including all the remaining HLA alleles (other): lowVL comprises B Ã 5703 [10, 14] , HLA-B Ã 0702 [11] , B Ã 4201, B Ã 5801, B Ã 8101 [14] , B Ã 1516, B Ã 1517 [16] , B Ã 1302 [17] , B Ã 1301, B Ã 3901, and B Ã 3902 [18] ; highVL consists of B Ã 1801 [10, 14] , B Ã 1503, B Ã 5301 [11] , B Ã 4501, and B Ã 5802 [14] .
Methods

NetMHCpan method
The NetMHCpan method employs artificial neural networks to generate quantitative predictions of peptide-MHC class I binding affinity [19] . The networks not only consider the peptide sequence but also include the primary sequence information of the MHC molecule. By this, NetMHCpan is able to extrapolate with considerable accuracy the binding specificity of MHC class I molecules that have not been included in the training process. The performance of the method has been thoroughly tested for an extensive number of HLA-A and HLA-B alleles [19] . To establish its predictive performance for chimpanzee (Patr) and rhesus macaque (Mamu) MHC class I alleles, we applied the method to eight Patr and six Mamu alleles described in the IEDB database (www.immuneepitope.org) [20] . For 11 out of 14 alleles, the performance was significant with P less than 0.05 (data not shown). These results justify the application of NetMHCpan to predict binding affinities for chimpanzee and rhesus macaque MHC class I alleles.
Correlation distance and nearest neighbor
The distance d between the binding motifs of two alleles is defined as d ¼ 1 À P corr where P corr is the Pearson's correlation between the predicted binding affinities of a set of 10 000 random natural peptides for the two alleles. The correlation is close to one if the two alleles share common binding motifs and close to zero if the motifs are dissimilar. The nearest Patr neighbor of a given HLA allele is the Patr allele with the smallest correlation distance.
Results
Protective human leukocyte antigen molecules share peptide binding specificities with chimpanzee MHC class I molecules Using the NetMHCpan method [19] , we investigated if any of the HLA allele groups associated with different levels of viral load defined in Methods would share binding motif similarities with chimpanzee MHC molecules. In this context, we chose MHC molecules of rhesus macaque (Macaca mulatta) as a negative control, as rhesus macaques are not naturally infected with an SIV strain and, thus, have not been under selective pressure induced by an immunodeficiency virus. For each HLA allele, we determined the closest chimpanzee (Patr) and macaque (Mamu) MHC neighbors in terms of binding specificity. Comparing the distances of all HLA alleles with their closest Patr neighbor, the lowVL alleles were found to have a significantly smaller distance to Patr alleles than highVL alleles (P ¼ 0.035) (see Fig. 1a ). In addition, the group of other HLA alleles shows a significantly larger distance to Patr than the alleles in the lowVL group (P ¼ 0.0001). Limiting the distance analysis to nine common Patr alleles [21] gave similar results. Conducting the same analysis for Mamu alleles did not result in a significant difference between either two of the three groups (see Fig. 1b) . Comparison of the MHC protein sequences and phylogenetic reconstruction (data not shown) revealed that the strong similarity in binding specificity for lowVL human and chimpanzee MHC molecule pairs did not result from close phylogenetic relationships. Instead, the similarity is limited to the functionality of the MHC molecules in that they present similar sets of peptides to their respective immune systems.
Protective human leukocyte antigen molecules show broader targeting of the HIV-1 Gag protein than human leukocyte antigen molecules associated with high viral load To investigate whether the defined groups of MHC class I alleles show differences in their preference to target the HIV-1 Gag protein, we applied NetMHCpan for each HLA and Patr allele in our dataset to all peptides in the HIV clade C proteome. We obtained the HIV clade C consensus proteome from the Los Alamos HIV sequence database (http://www.hiv.lanl.gov/content/ hiv-db, August 2007). In general, we expect only 0.5-3% of a set of peptides to bind a certain MHC class I molecule [22, 23] . For each HLA and Patr allele, we ranked the 3059 nonamers in the HIV clade C consensus proteome with respect to their predicted affinity scores and counted the number of Gag-derived peptides among the top-ranking 1% of all peptides. Patr and lowVL alleles were predicted to target a significantly higher number of Gag peptides than highVL alleles (P < 0.02, see Fig. 2 ). To study SIVcpz-Gag targeting by Patr, we repeated this analysis for the proteomes of three SIVcpz strains (accession numbers U42720, AF382828, AY169968). Also here, the number of SIVcpz-Gag peptides targeted by Patr is significantly higher than the number of top-ranking HIV-Gag peptides predicted for highVL (P ¼ 0.01).
Discussion
Contemporary chimpanzees possess a reduced MHC class I repertoire [6] , but the hypothesis that an HIV-like pandemic might have caused this repertoire reduction has been subject to debate [24] . HIV-specific CTL responses have been reported to play a crucial role in the immune response to HIV/SIV. This and the fact that chimpanzees are relatively resistant to the development of AIDS following SIV/HIV infection suggest that the chimpanzee MHC class I repertoire protects contemporary chimpanzees from progression to AIDS. This is strongly supported by our finding that protective HLA molecules show a significantly higher similarity in binding specificity to chimpanzee MHC class I molecules than all other HLA molecules. Our work extends the study of Balla-Jhagjhoorsingh et al. [13] who showed that chimpanzee alleles and HLA alleles associated with long-term non-progression to AIDS share conserved Gag epitopes. Their study is based on two chimpanzee alleles, two HLA alleles and two epitopes, whereas we here Chimp-like MHC alleles humans control HIV-1 Hoof et al. 1301 confirm their finding in an exhaustive set of HLA-A, HLA-B and chimpanzee alleles. A possible limitation of our study might be that the Patr sequences were taken from chimpanzees in captivity, and may therefore not represent the MHC diversity in wild animals.
The predicted similarity in binding specificity between chimpanzee and protective HLA molecules clearly supports the hypothesis that the MHC class I repertoire of chimpanzees has been formed under selective pressure induced by an HIV-like virus. Along these lines, the results of our work agree with the assumption that pathogens influence the evolution of the host towards the selection of the most protective genotypes. If the MHC class I repertoire of contemporary chimpanzees has been formed under selective pressure induced by an HIV-like virus, we could expect a similar evolution in human populations with a high incidence of HIV-1 infection and when patients do not have access to antiretroviral drug therapy. As a matter of fact, the first signs of a selection are appearing in human populations in whom protective alleles are more prevalent in infected pregnant women than in infected infants, suggesting that protective alleles will become more prevalent in future generations [14] .
What is the mechanism behind the different impact of certain MHC class I alleles on HIV-1 viral load? The HIV-1 Gag protein has repeatedly been reported to play an important role as an immunogen to induce an effective immune response against HIV-1. In several studies [7, 10, 11, 25] , the number of Gag-epitopes targeted was found to be inversely correlated with plasma viral load. A potential reason for this is the high fitness cost of CTL escape mutations [26] . In this study, we determined for each HLA and chimpanzee allele in our data set its preference to bind Gag-derived peptides. In agreement with previous studies on the effect of targeting Gag, we find that chimpanzee and protective HLA molecules are predicted to elicit broader Gag-specific immune responses than HLA molecules that have been associated with high plasma viral load. The NetMHCpan method makes it possible to analyze the binding specificity of hitherto uncharacterized HLA class I molecules as well as the specificity of chimpanzee and rhesus macaque MHC class I molecules. The method is especially useful to study the binding motifs of those HLA molecules that are prevalent among southern African populations, in particular those HLA molecules that have been shown to be associated with extreme (high or low) levels of plasma viral load during HIV-1 infection. Up until now this has not been possible, as the set of experimentally characterized alleles is strongly biased towards alleles that are prevalent in Caucasian populations. Application of NetMHCpan to predict peptide binding affinities to non-human primate MHC class I alleles enabled us to compare the binding motifs of HLA alleles with those of chimpanzee and rhesus macaque alleles.
To conclude, our results indicate that the binding motifs of protective HLA and chimpanzee molecules are directed towards peptides able to elicit effective CD8 T-cell responses against HIV-1 and that similarity to chimpanzee MHC specificity plays a central role in controlling HIV-1 viral load in humans. Fig. 2 . Targeting of SIVcpz Gag and HIV-1 Gag. We predicted the binding affinity of 66 Patr alleles to all 9-mer peptides in the proteomes of three SIVcpz strains and counted the number of Gag-peptides that fall within the 1% topscoring fraction. The mean over the three Gag-counts for each Patr allele was calculated and used to generate the left-most boxplot. The three boxplots on the right show the number of Gag peptides targeted in the HIV-1 clade C consensus proteome by chimpanzee MHC (Patr: n ¼ 66), HLA alleles associated with low viral load (lowVL, n ¼ 11), and high viral load (highVL, n ¼ 5). P-values were derived from two-tailed Mann-Whitney tests.
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